The molecular mechanisms underlying the contact behavior of Schwann cells (SCs) and SC-axon association are poorly understood. SC-SC and SC-axon interactions were studied using purified adult rat SCs and cocultures of SCs with embryonic dorsal root ganglion neurons. After contact of SCs with axons, SCs start to extend processes in alignment with axons. This unique alignment was quantitated using a new assay. SC-axon alignment and SC-SC band formation were disrupted in medium containing low extracellular calcium, indicating the involvement of calcium-dependent adhesion molecules. N-cadherin expression was strong in developing rat sciatic nerves but weak in adult sciatic nerves. In purified adult-derived rat SCs, N-cadherin expression was increased by mitogens (neuregulins) and decreased by high cell density. Highresolution confocal images show intense N-cadherin signals in SC process tips. Subcellular N-cadherin was accumulated in bands at intercellular junctions between SCs and was clustered at axon-SC contact sites. Blocking antibodies (rabbit and guinea pig IgG directed against the first extracellular domain of N-cadherin) and cyclic pentapeptides (including the HAV motif) were used to perturb N-cadherin function. All blocking agents reduced the number of N-cadherin-positive SC-SC junctions and perturbed axon-aligned growth of SC processes. Averaging over all N-cadherin-perturbation experiments, in controls 67-86% of SCs exhibited axon-aligned process growth, whereas in treated cultures only 41% of the SCs aligned with axons. These results are evidence that in mammals N-cadherin is important for formation of SC-SC junctions and SC process growth in alignment with axons.
A defining property of Schwann cells (SCs) is their unique association with axons. At an early stage of nerve formation, developing SCs associate with axons, creating an interface of glial membrane in close apposition with axonal membrane (Peters and Muir, 1959; Prestige and Wilson, 1980; Ziskind-Conheim, 1988; Jessen et al., 1994) . This close apposition of axonal and SC membranes allows bi-directional signaling between neurons and SCs (Salzer et al., 1980a,b) . As nerve development proceeds, the SC exists in a highly dynamic relationship with axons as SCs proliferate, extend, and retract their processes. Eventually, SCs are segregated into mature SC-axon units Webster et al., 1973) . Throughout this process, association with axons is always maintained. If axon-SC association is disrupted, for example by injury, it must be reestablished after contact of denervated SCs with the regenerating axons.
Despite the advance in our knowledge of SC biology in recent years, our understanding of the molecular mechanisms underlying the association of SCs with axons remains deficient. In rodents, one candidate for mediating SC-axon attachment is L1 (Seilheimer et al., 1989; Wood et al., 1990) . However, recent evidence from studies on L1 knock-out mice suggest that L1 cannot be the only molecule involved in initiating and maintaining this association (Dahme et al., 1997; Haney et al., 1999) . In addition, antibodies to L1 did not block SC-axon interactions in chicken cells (Letourneau et al., 1990) . Evidence for a role for the calcium-dependent adhesion molecule N-cadherin in SC-axon interaction has been reported in cultured chicken dorsal root ganglia (DRGs) (Letourneau et al., 1990 (Letourneau et al., , 1991 . N-cadherin has also been implicated in promoting neuronal outgrowth of chick ciliary ganglion neurons on SCs, but its role in SC process outgrowth and alignment with axons was not addressed (Bixby et al., 1988; Seilheimer and Schachner, 1988; Bixby and Zhang, 1990) . The molecular basis of mammalian SC behavior on their first contact with axons has received little attention.
The experiments reported here were designed to assess the role of N-cadherin in the formation of contacts between SCs and in the establishment of SC-axon association, characterized by assaying SC orientation in alignment with axons. Dissociated, purified, and mitogen-treated adult rat SCs were added to cultures of purified embryonic rat DRG neurons and studied over a 2 d period. N-cadherin was localized at the axon-SC interface and at contact areas of neighboring SCs. Using a quantitative alignment assay, we analyzed SC association with axons showing that SC processes were prevented from associating with axons both by lowering calcium levels in the medium and by digesting cadherins from SC surfaces. Treating cultures with N-cadherin blocking antibodies and specific N-cadherin binding peptides prevented N-cadherin band formation in SCs and thus their organization of Live labeling of cultured SCs. Living SC s were stained with 6.5 M Cell Tracker Green (5-chloro-methylfluorescein diacetate, Molecular Probes) in DM EM containing 0.05% Pluronic (Molecular Probes). The labeled SC s were removed from the culture dish by trypsin digestion (see below).
SC harvest protocols. SC s were digested for 3 min with 0.05% trypsin (Invitrogen) in calcium-and magnesium-free HBSS containing 0.02% ETDA at room temperature (RT). Alternatively, SC s were incubated for 10 -15 min at 37°C with 0.05% trypsin (Worthington) in HBSS (Invitrogen) in the presence of 1 mM Ca 2ϩ and 1.88 mM Mg 2ϩ (TC a 2ϩ ). This harvesting protocol protects cadherins on the cell surface (Volk and Geiger, 1986; Takeichi, 1988) and was used for observing SC -axon interaction within the first hours of coculturing (time-lapse imaging) . For experiments performed to analyze cadherin replenishment in SC s and SC adhesion in the presence or absence of cadherins on the cell surface, SC s were harvested by digestion with 0.05% trypsin and 0.02% ETDA in calcium-and magnesium-free HBSS (TE) for 10 min at 37°C (removing cadherins from cell surface) or in TC a 2ϩ (protecting cadherins on cell surface, see above). Protein lysates were prepared from the differently harvested SC suspensions immediately and after 4 and 24 hr of culturing.
SC-SC and SC-a xon association in normal and low calcium. For analyzing SC -SC association, TE-and TC a 2ϩ -treated SC suspensions were plated at a density of ϳ10,000 SC s per 78 mm 2 on ammoniated collagen-coated slides in defined modified N2 medium (Bottenstein et al., 1979) using M EM / F12 (1:1; Invitrogen) with 1% heat-inactivated FBS. The calcium concentration in this medium was 1.22 mM Ca 2ϩ . For SC -axon cocultures, ϳ3000 labeled SC s were seeded on DRG neuron cultures, which had developed an extensive axonal network within 3-4 weeks in vitro. The cocultures were kept in N2 with or without adding 1% FBS. L ow calcium N2 medium was obtained using S-M EM (no calcium added; Invitrogen)/ F12 (1:1). The calcium concentration was 0.15 mM; when supplemented with 1% FBS, the concentration was 0.22 mM Ca 2ϩ . Approximately twofold as many SC s as DRG neurons were seeded, varying between 1.6-and 3.2-fold. This variation did not change the percentage of SC s aligned to axons. SC -DRG cocultures were analyzed for N-cadherin presence and process outgrowth in alignment with axons (see below).
N-cadherin f unction-block ing e xperiments. N-cadherin f unctionperturbing agents, including two different N-cadherin blocking antibodies and cyclic pentapeptides interfering with N-cadherin binding, were used in SC -SC adhesion and SC -axon alignment assays as described below. C yclic pentapeptides CHAVC and CHGVC were received from Adherex Technologies (Ottawa, C anada) (Williams et al., 2000) . CHAVC includes the CAR sequence histidine -alanine -valine (HAV); the presumptive N-cadherin interaction region, CHGVC, is a nonbinding control peptide (HGV) (Blaschuk et al., 1990) . HAV was shown to block N-cadherin-mediated adhesion in a dose-dependent manner with halfmaximal inhibition at 0.32 mM (Williams et al., 2000) . HAV and HGV were used at concentrations between 0.5 and 0.75 mg /ml, respectively.
A rabbit polyclonal serum raised against the HAV sequence (L7) and a control serum raised against the cytoplasmic domain of N-cadherin (L4) were obtained from Adherex Technologies (Alexander et al., 1993) . L7 has been shown to block N-cadherin f unction in endothelial and glial cells (Alexander et al., 1993; Wilby et al., 1999; Schnädelbach et al., 2000) . IgG fractions were purified from the rabbit sera by chromatography using protein A-loaded Sepharose affinity columns (HiTrap, Amersham Biosciences) at pH 4.5 and subsequently desalted by exchange centrif ugation (C entricons YM-30, Millipore). Purified IgGs had a concentration of ϳ7 mg IgG/ml 3 mM NaHPO 4 , 17 mM Na 2 HPO 4 , pH 7. The potency of the purified IgGs was tested using the aggregation of N-cadherin-transfected L -cells (NCϩL -cells; provided by D. Colman, Mt. Sinai, N Y) . A guinea pig antibody, gp1260, which was raised against the crystallized N-terminal fragment of N-cadherin, and a guinea pig preimmune serum were kindly provided by G. Huntley (Mt. Sinai, N Y) and D. Colman (Fannon and Colman, 1996) . This antibody was shown to effectively block the aggregation of NCϩL-cells and inhibited the f unction of synaptic N-cadherin in the late phase of long-term potentiation in hippocampal slices (Bozdagi et al., 2000) . DRG cultures were kept overnight in low calcium N2 before SC s were added together with the f unction-blocking agents in normal calcium N2. SC -SC cultures and SC -DRG cocultures were incubated for 4 hr in the presence of 0.5-0.75 mg of HAV or HGV peptides per milliliter of N2. The cultures were treated for 24 hr with f unction-blocking antibodies. Guinea pig IgG, gp1260, and its preimmune serum were diluted 1:100; L7 or L4 IgG was used at dilutions of 1:50 to 1:100 (final concentration of ϳ70 -140 g IgG per milliliter N2 medium), respectively.
Immunofluorescence
Cultures were fixed for 25 min in 4% paraformaldehyde in Tris-buffered saline (TBS; 1 mM Ca 2ϩ ), permeabilized for 5 min using 0.3% Triton X-100 (Sigma), and blocked in 10% normal donkey serum (N DS; Jackson ImmunoResearch) in TBS. Subsequently, cultures were incubated overnight in mouse monoclonal antibody raised against the cytoplasmic domain of N-cadherin (1:500; BD Transduction) together with rabbit anti-neurofilament M (1:1000 R13; gift by G. Shaw, University of Florida, Gainesville, FL) or rabbit anti-S100 (1:700; Dako). After rinsing three times for 10 min in TBS, cultures were incubated with secondary antibodies: donkey anti-mouse-C y3 (1:500 in 10% N DS-TBS) and donkey anti-rabbit-C y5 (1:100; both from Jackson ImmunoResearch) for 45 min at RT. After three rinses in TBS and a final rinse in H 2 O, cultures were dried and mounted in Vectashield (H-100, Vector).
Quantification and densitometry
Quantification of SC-alignment with a xons. SC-DRG cocultures were analyzed by counting axon-aligned SC s. A SC with two or more processes aligned to axons over the entire length of their extensions was scored as an axon-aligned SC. Assessing alignment of SC s to axons was done in two ways. (1) Axon-aligned SC s were counted on an I X70 inverted microscope (Olympus) with a 40ϫ (0.6 numerical aperture) objective using a broad bandpass filter (BP) permissive to green (SC s) and red (axons) fluorescence. (2) Green (SC s) and red (axons) images were captured separately using a CCD camera (DEI-750, Optronics) and narrow bandpass filters for each fluorescence channel, assuring that selection of fields was not biased for SC -axon alignment. At least 10 sets of green and red images were overlaid to count axon-aligned SC s in each culture; four cultures for each condition were analyzed, blinded toward treatment. Between 750 and 1000 SC s were scored for alignment under each condition analyzed. The results were expressed as percentages of axon-aligned SC s in each culture and statistically analyzed using t test and multiple comparisons a posteriori according to T ukey and Kramer (GraphPad InStat).
Quantification of SC network formation. The blockage of SC network formation was quantified in SC -only cultures by counting single SC s and SC s contacting neighboring SC s (SC s in groups). The number of N-cadherin-positive bands between SC s arranged in groups was counted in four experiments, by an observer blinded toward culture treatment, and divided by the number of SC s found in groups: this ratio is referred to as "adhesion factor" (see Table 1 ). Means were compared using T ukey -Kramer multiple comparisons (GraphPad InStat).
Densitometr y. Western blots were analyzed using the Fluo-S MultiImager system (Bio-Rad). Relative N-cadherin protein amounts were determined by measuring the background-corrected N-cadherin signal value (optical density multiplied by area of band) divided by the backgroundcorrected signal of the ␤-actin band detected in the same lane.
SDS-PAGE and Western blotting
All samples were homogenized in Lämmeli sample buffer (2% SDS, 10% glycerol, 0.1% bromophenol blue, 1 mM CaCl 2 , 125 mM Tris-HC l, pH 6.8), boiled for 5 min, and then frozen at Ϫ80°C. Protein concentration was measured using DC Protein assay (Bio-Rad). Positive controls were protein lysates of epidermoid carcinoma cell line A 431 (E-cadherin), rat brain (N-cadherin, R-cadherin), mouse neonate (M-cadherin) (all from BD Transduction), and Madin-Darby canine kidney (MDCK) epithelial cells (K-cadherin). Samples of 15-20 g of protein per lane were loaded under denaturing conditions (1% ␤ mercaptoethanol, 0.1% SDS) and separated on 7.5% acrylamide gels for 1.25 hr at 140 V. The proteins were blotted on nitrocellulose (Hybond C, Amersham Biosciences) and visualized by staining in 0.1% Ponceau S in 5% acetic acid. Membranes were blocked for 1 hr using 10% dry milk (C arnation) in TBS containing 0.05% T ween 20 (Fisher; TBST) and then incubated overnight at 4°C in primary antibodies diluted in 10% dry milk / TBST. Monoclonal antibodies were anti N-cadherin (1:3500), anti M-cadherin (1:200), anti E-cadherin (1:3000), anti R-cadherin (1:1000) (all from BD Transduction), and anti-␤-actin (1:50,000; Sigma). A goat polyclonal antibody was used against K-cadherin (1:100; Santa Cruz Biotechnology). After rinsing, blots were incubated for 1 hr at RT in anti-mouse-HRP (1:10,000; Promega) or rabbit anti-goat-HRP (1:20,000; Pierce) in 10% dry milk / TBST. After f urther rinses, the Western blot chemiluminescence reagent (Renaissance, N EN) was incubated for 1 min at RT, and signals were detected by 1-2 min exposures of X-OM AT-L S films (Kodak) developed in an X-OM AT 2000 processor (Kodak).
Culture monitoring and confocal imaging
Live time-lapse imaging was performed on an enclosed Nikon microscope connected to a Paultek CCD camera and the SUN station image capturing system. TC a 2ϩ -treated SC s were seeded on axons of DRG neurons and observed at 37°C in 1:1 neurobasal medium and HBSS (containing 10 mM H EPES, pH 7.4) over the first hours of coculturing.
Confocal microscopy was performed on Olympus Fluoview 2.1.39 and Z eiss L SM 510 microscopes. The recording parameters on the Olympus were as follows. For fluorescein, an argon laser (488 nm) and a BP filter (450 -515 nm) were used; for C y3, a krypton laser (568 nm) and a longpass filter (L P; 510 nm) were used. On the Z eiss confocal microscope, for C ell Tracker Green, an argon laser (488 nm) and BP 500 -550 nm were used; for fluorochrome C y3, a helium laser (543 nm) and BP 565-615 nm were used; and for C y5, a helium laser (633 nm) and an L P (650 nm) were used. For most images the pinhole opening was Ͻ100 m (Airie units 1), and the confocal scans were Ͻ1 m thickness. The image resolution was ϳ0.28 m for horizontal scanning (X Y plane) and ϳ0.8 m for orthogonal scanning (X Z plane) when using a 100ϫ oilimmersion objective with 1.4 numerical aperture.
RESULTS

Steps of early association of Schwann cells with axons
The early stages of SC-axon association were observed by timelapse monitoring and are represented in Figure 1 . Within the first hour after seeding on DRG neurons, most SCs adhered to axons and remained in contact with axons and acquired spindle-shaped, bipolar morphology. Some SCs adhered to the collagen substrate, migrated randomly and acquiring irregular shapes, and on contact with an axon bundle, these SCs changed their conformation and shortened their processes, as their cell bodies were drawn close to the axons (Fig. 1 A) . Immediately after axon contact, all SCs started to extend new processes possessing fan-shaped endings oriented along the axons (Fig. 1 B, arrowheads) . Then, most SCs acquired spindle-shaped morphology by growing two short processes along axons, with the SC soma slightly flattened and closely adjoined to the axon bundle (Fig. 1C) . However, SCs that encountered a network of axons going in different directions initially interacted with several axons by extending multiple short processes (Fig. 1 D) . Finally, within 24 hr SCs became embedded in the axon bundle, which sometimes appeared locally defasciculated. The SC morphology changed from displaying multiple processes contacting several axon bundles to the typical bipolar spindle-shape with flattened cell body and very long processes in alignment with axons. To better understand the molecular mechanism underlying the aligned growth of SC processes along axons, the role of the calcium-dependent adhesion molecule N-cadherin was studied. In the following experiments a new assay was used to analyze the role of N-cadherin by measuring quantitatively SC alignment along axons as an expression of SC-axon association.
N-cadherin expression is strong in embryonic and weak in adult peripheral nerves
N-cadherin amounts in developing and adult rat peripheral nerves were compared by immunoblotting using protein samples from homogenized limbs of embryonic day (E) 15 rats and from adult sciatic nerves. Immunocytochemical staining of E15 frontlimb buds revealed that N-cadherin staining was restricted to peripheral nerve structures (I. Wanner, K. Jessen, P. Wood, unpublished data). The Western blots show a strong N-cadherin band in E15 limbs and a severalfold weaker band in adult sciatic nerves (Fig. 2 A) .
Adult-derived SCs express N-cadherin, and the expression is regulated by mitogens and cell density
SCs obtained by dissociating cultured adult rat sciatic nerve explants also show low levels of N-cadherin ( Fig. 2 B) . In contrast, SCs cultured in the presence of a mixture of mitogens consisting of forskolin, pituitary extract, and recombinant heregulin ␤1 (177-244) and 10% bovine serum showed prominent N-cadherin expression. SCs were cultured directly after dissociation of sciatic nerve explants for 3 d in the presence or absence of mitogens to test their effect on N-cadherin expression. Protein extracts of these cultures were analyzed along with samples from SCs cultured for 3 weeks in the presence of mitogens. Protein samples from these three conditions were analyzed together with lysates of sciatic nerves from adult rats and probed for N-cadherin and ␤-actin. This analysis showed similar amounts of N-cadherin in adult sciatic nerves and SCs cultured without mitogens. However, the N-cadherin signal increased significantly in SCs cultured in the presence of mitogens after 3 d (Fig. 2 B) , and continued culturing with mitogens increased N-cadherin amounts up to twofold compared with SCs without mitogens (data not shown).
Schwann cells in culture organized themselves in networks forming a swirling pattern. Typically, this pattern appeared at a density of ϳ3 ϫ 10 6 cells in a 100 mm PLL-coated Petri dish. However, when the cell density reached 9 ϫ 10 6 cells or more, the swirling pattern disappeared. Moreover, SCs that were harvested from such dense cultures and seeded together with DRG neurons showed impaired interactions with axons. SC processes were shorter and alignment with axons occurred later compared with low density-derived SCs (data not shown). When SCs derived from such dense cultures were dissociated and replated for 1 d at lower density, they exhibited low N-cadherin immunoreactivity (data not shown). Thus, the expression of N-cadherin in SCs cultured at different cell densities was assessed using Western blotting.
Cultures were defined as subconfluent if the SCs had not yet formed swirls (lysates were taken from cultures with ϳ1.8 ϫ 10 6 cells on a 100 mm PLL-coated Petri dish). Cultures were patternforming when swirls were seen (samples were taken from cultures containing 3.7 ϫ 10 6 cells/100 mm dish). Cultures were considered confluent at a density of 5-6 ϫ 10 6 cells (samples were harvested from a culture of 6.4 ϫ 10 6 cells/100 mm dish), and cultures were over-confluent when the swirling pattern was lost but the cells had not detached from the substrate (samples were taken from cultures with 10.5 ϫ 10 6 cells/100 mm dish). In SC samples from over-confluent cultures, the N-cadherin amount (background-corrected ratios of N-cadherin to ␤-actin) was less than one-third of the amount in samples derived from subconfluent or confluent cultures (Fig. 2C ). Further studies are needed to address the mechanisms underlying the mitogen-induced upregulation as well as the cell contact-dependent downregulation of N-cadherin protein amounts in rat SCs.
N-cadherin is localized at intercellular junctions between SCs and at SC-axon contact sites
The subcellular distribution of N-cadherin in SC and SC-neuron cultures was determined by high resolution confocal imaging. In SCs examined 6 hr ( Fig. 3A ) or 24 hr ( Fig. 3B) after replating, N-cadherin was concentrated at SC membranes contacting neighboring cells, forming bands of attachment (Fig. 3A, arrow) or "button-shaped" junctions ( Fig. 3B, arrowheads) . The ultrastruc- . Normalized values measured in four different autoradiograms using background-corrected ratios of N-cadherin divided by ␤-actin show a mean 1.3-fold increase in N-cadherin protein amounts after mitogen treatment (P1ϩm; p Ͻ 0.05; Tukey-Kramer, multiple comparisons) compared with SCs cultured without mitogens (P1-m). C, Cell density regulates N-cadherin protein amount in cultured rat SCs. Equal amounts of protein (15 g per lane) from purified SCs of the same sciatic nerve preparation and passage number (P3) but cultured at various cell densities (1.8 ϫ 10 6 SCs/100 mm 2 , subconfluent; 3.7 ϫ 10 6 SCs/100 mm 2 , pattern forming; 6.4 ϫ 10 6 SCs/100 mm 2 , confluent; and 10.5 ϫ 10 6 SCs/100 mm 2 , over-confluent) in the presence of mitogens were analyzed by Western blotting. Strong N-cadherin signals are detected in samples of 1.8, 3.7, and 6.4 ϫ 10 6 SCs/100 mm 2 , but a weak signal is seen in cells grown at a density of 10.5 ϫ 10 6 cells/100 mm 2 . Desitometric analysis shows that N-cadherin protein amount drops more then threefold in over-confluent versus confluent or subconfluent SC cultures.
tural examination of N-cadherin-enriched "zipper"-like bands of apposing SC membranes showed multiple adherens junctions (our unpublished observation). In isolated SCs, N-cadherin accumulated at the process endings and in pseudopodia (Fig. 3A, arrowheads) . These endings could also be stained with ezrin, a microvilli marker, which colocalized with N-cadherin (data not shown).
During the early stage of contact with axons, SCs had strong N-cadherin staining (Fig. 3C) . N-cadherin was accumulated at sites of contact with axons in fan-shaped cytoplasma protrusions and lamellipodia (Fig. 3C, arrowheads) . At 24 hr, when SCs were aligned with axons, N-cadherin was localized at axon-SC contact sites displayed by high resolution (ϳ200 nm) horizontal (xy-axis) and vertical confocal sectioning through the culture (xz-axis) (Fig.  3D) . N-cadherin did not appear to be colocalized with the SC marker (Cell Tracker, green) or neurofilament intermediate (blue), because these markers were localized to the cytoplasm of SCs and axons, whereas N-cadherin was membrane associated. For the same reason it was impossible to determine whether N-cadherin staining was of neuronal or SC origin; presumably N-cadherin from both membranes was interacting in a homophilic manner. In 1 d SC-DRG cocultures, adherens junctions were found at juxtaposed SC-axon membranes (our unpublished data).
After 2-4 d of coculture, N-cadherin staining of SCs appeared to be less intense, and the brightly stained foci disappeared; N-cadherin appeared to be more evenly distributed on membranes contacting axons (Fig. 3E ). The 4 d coculture shown in Figure 3E shows immunostaining performed in parallel to 1 d cocultures depicted in Figure 3C .
These confocal images show that N-cadherin was present at cell-cell contact zones between SCs and between SCs and axons during early stages of association. However, coincidentally with the morphological alterations of SCs, the subcellular distribution of N-cadherin changed from intensely clustered to sparsely distributed. The results suggest that N-cadherin may be important for SC network formation and could play a role in early SC-axon interaction.
Calcium is required for SC network formation and for the alignment of SCs with axons
Cadherin-mediated cell-cell adhesion can be inhibited by lowering the extracellular calcium concentration (Takeichi, 1988; Figure 3 . N-cadherin is localized at regions of SC and SC-axon contacts. A, B, Confocal images show SCs cultured 6 hr ( A) and 24 hr ( B) on ammoniated collagen that were immunostained for N-cadherin (red) and S100 ( green). An intense band of N-cadherin is seen at intercellular junctions between SCs (A, arrow). Strong N-cadherin signals are detected in process tips of SCs (A, arrowheads; scale bar, 25 m) and at cell-cell 4 contact areas (B, arrowhead; scale bar, 50 m). C, N-cadherin localization is shown in SC-DRG cocultures 24 hr after seeding SCs onto DRG neurons. Confocal images show vitally stained SCs (Cell Tracker, green), immunostained axons (anti-neurofilament M, Cy5; color coded in blue), and N-cadherin (red/pink/yellow). N-cadherin is accumulated at sites of contact with axons (arrows) and at filopodia and lamellipodia of SC processes (arrowheads). D, N-cadherin (red) is shown in an SC ( green) associated with a small axon bundle (blue) after 24 hr of coculturing with DRG neurons. Out of a series of five optical sections, one confocal section of 0.4 m is shown (XY, center). Orthogonal sectioning through the stack of all five images (depth 1.6 m) is shown in horizontal (XZ) and vertical (YZ) planes. In all three planes, intense accumulation of N-cadherin (red) between SC process ( green) and axons (blue, arrowheads) is seen in all areas of contact. Scale bar, 10 m. E, SCs are in alignment with axons after 4 d of coculturing with DRG neurons. Confocal images show triple labeling using Cell Tracker to stain SCs ( green) and anti-neurofilament M antibody to label axons (blue) and anti-N-cadherin (red). N-cadherin immunofluorescence is weaker and more evenly distributed than after 24 hr. This image was recorded using higher detector voltage compared with C to increase signal intensity for N-cadherin. Scale bar, 20 m. Tamura et al., 1998) . Millimolar Ca 2ϩ concentrations are required for rigidifying the extracellular domains of cadherins; coordinate binding between these domains stabilizes interactions that promote lateral clustering and homophilic interaction with cadherins from opposing membranes Tamura et al., 1998; Koch et al., 1999) . Low-Ca 2ϩ conditions are therefore considered to very effectively prevent strand-dimer formation. Thus, the role of cadherins in rat SC interaction with other SCs or with axons can be studied in vitro by reducing the calcium concentration in the medium from 1.0 to 0.15 or 0.22 mM Ca 2ϩ (on addition of 1% FBS). Under control conditions, SCs extended long, straight processes contacting neighboring cells and forming a network (Fig. 4 A) . At lower calcium ion concentration, some SCs failed to extend processes, whereas others extended shorter, bent processes; most of the SCs failed to form contacts with neighboring cells. Under low calcium conditions, N-cadherin appeared less intense and not concentrated at cell-cell contact areas (Fig. 4 B, inset) . These results suggest that SC network formation is strongly dependent on functional cadherins.
When SCs were added to DRG neurons at normal calcium levels, most of the SCs were seen in alignment to axons by 4 hr (Figs. 4C) . Quantifying SCs aligned with axons gave similar results when counting was done on the microscope (90% SC aligned to axons; SD 5; n ϭ 4) or by computer-assisted choice of fields and subsequent analysis of overlaid images (84% SCs aligned; SD 3; n ϭ 4). Comparable percentages of SCs aligned to axons were found at 4 and 24 hr (Fig. 5 ) and 48 hr (data not shown) of coculturing. In low calcium medium, SCs first settled onto the neuron culture surface (substrate and axons) and then processes grew out not in alignment with axons. Instead, SCs migrated off the axons onto the substrate (in the presence of 1% FBS), and processes extended independently of axons. As a result, cells were located randomly in the culture dish at 4 and 24 hr, without being organized by the underlying neuronal networks ( Fig. 4 D, F ) . Only a few SCs showed axon alignment under low calcium conditions (microscope: 26% SCs aligned, SD 5, n ϭ 3; overlaid images: 25% SCs aligned, SD 4, n ϭ 4). The lack of sufficient calcium ions prevented proper SC-axon association with the same efficiency from hours to days.
The neuronal networks in the images shown in Figure 4C -F differ in axon density and fasciculation. We thus counted SCaxon alignment at different neuronal and SC densities. In a sparse control coculture, the average percentage of SCs aligned to axons was 90 Ϯ 5% (SD; n ϭ 3); in low calcium medium 26 Ϯ 5% SCs were aligned (SD; n ϭ 4). In dense SC-DRG cocultures in which five times as many SCs were seeded on a more compact axonal network of three times as many DRG neurons, on average 84 Ϯ 3% (SD; n ϭ 4) of all SCs were aligned in normal medium and 25 Ϯ 4% (SD; n ϭ 4) were aligned under low calcium conditions. This comparison shows that successful SC-axon association or its perturbation by decreased calcium levels was not affected by the differences in density of axons or SCs.
The blockage of SC-axon interaction caused by lowering the Ca 2ϩ concentration was greatest when DRG cultures were kept overnight in low calcium medium. When DRG cultures were not pretreated, SCs were initially seen aligned to axons, and the number of axon-ignoring SCs increased only after 24 hr (data not shown). This finding implies that removal of calcium bound on neuronal cadherins and reversal of dimer formation with glial cadherins was slow. In addition, the blocking of alignment was more pronounced in low calcium conditions when cells were trypsinized in TE compared with TCa 2ϩ digestion (see below). Only 19% of TE-harvested SCs were aligned compared with 35% of TCa 2ϩ -harvested SCs when cultured in low calcium with DRG neurons for 4 hr. This suggests that a small percentage of cells from TCa 2ϩ harvest had preserved cadherin dimers with enough calcium bound to be able to interact with axons even under low calcium conditions. SC alignment with axons was not diminished when calcium levels Ͼ0.4 mM were maintained (data not shown).
In conclusion, the results show that SCs require at least 0.4 mM calcium ions to complete successful axon association.
Cadherin removal from the SC surface results in failure of SCs to form networks and reduces their ability to align with axons
Is there a difference in SC behavior in the absence or presence of cadherins on their surface? This question was addressed using enzymatic digestion conditions that protect or remove cadherins from the cell surface. Although other cell surface proteins are digested, cadherins are protected from trypsin proteolysis in the presence of at least 1 mM calcium (Volk and Geiger, 1986; Takeichi, 1988) . Trypsin treatment in absence of calcium digests cadherins. The kinetics of cadherin replenishment in rat SCs was analyzed in protein samples immediately and 4 and 24 hr after TE or TCa 2ϩ treatment. After a 10 min digestion in the absence of calcium, the full-length 130 kDa band of N-cadherin could no longer be detected (Fig. 6 A, TE) ; instead, an ϳ66 kDa size N-cadherin fragment was detected. Four hours after TE treatment, half of the 130 kDa N-cadherin band was recovered, and the intact protein was almost fully restored by 24 hr (Fig. 6 A) . In contrast, in the presence of calcium, a 10 min trypsin digestion did not lead to a loss of full-length N-cadherin, because the 130 kDa band was detected in cultured rat SCs with the same intensity at all times (Fig. 6 A, TCa  2ϩ ). The ability of TE-or TCa 2ϩ -treated SCs to form networks and associate with axons in medium containing normal calcium levels was determined. Cultures were fixed, permeabilized, and stained for N-cadherin with an antibody recognizing the cytoplasmic part of N-cadherin to visualize both the cytoplasmic and membraneassociated pool of the molecule. SCs devoid of cadherins did not form intercellular contacts and failed to form a network (Fig. 6 B,  TE) . Moreover, TE-treated SCs showed a small amount of punctuate staining at the cell surface but an intense spot of immunoreactivity in the cell body (Fig. 6 B, inset) . This suggests that TE digestion removes the extracellular domain of cadherins from the cell surface, followed by internalization of the remaining protein fragment toward the perinuclear area (Volberg et al., 1986) . Cadherin-protected SCs formed extensive networks (Fig. 6C , TCa 2ϩ ) and had extensive intercellular membrane contacts shown as strongly N-cadherin positive bands between attached cells (Fig. 6C, inset) . The network was formed within 4 hr of culturing, because the cell suspension did not contain groups of clustered cells at the time of seeding. Before plating, most SCs were single and only rarely were cells seen in pairs or triplets (data not shown).
SCs treated with TE for 10 min and seeded on DRG neurons failed to align with axons within the first 4 hr of coculturing, and SC processes were observed crossing N-cadherin-positive axon bundles (Fig. 6 D) (49 -62% of the SCs were axon aligned). In contrast, the majority of cadherin-protected SCs seeded onto DRG neurons attached to axon bundles and formed long processes in alignment with axons within 4 hr of coculturing (86% of the SCs were axon aligned) (Fig. 6 E) . In addition, cells that failed to align to axons did not display bands of N-cadherin staining at the surface. The time of reappearance of 130 kDa N-cadherin and N-cadherin surface staining corresponded with the time at which Figure 5 . Quantification of SC-axon alignment under low calcium conditions. Means of percentages of SCs aligned to axons were plotted at 4 hr ( gray) and 24 hr (white) under normal and low calcium conditions. In low calcium the percentages of SCs aligned with axons are decreased to one-fourth of the controls (normal calcium N2: 85% at 4 hr, 84% at 24 hr; low calcium N2: 23% at 4 hr, 25% at 24 hr; for each condition, n ϭ 3). Error bars represent SDs. The differences between control and low calcium conditions were statistically significant at both time points (t test, two tailed; *p Ͻ Ͻ 0.001).
SCs formed contacts with other SCs as well as with axons, suggesting that within 24 hr full-size N-cadherin was assembled in SC membranes leading to functional recovery of N-cadherin and enabling the described adhesive behaviors of rat SCs. Replenishment of full-size N-cadherin in SCs had already started at 4 hours (Fig. 6 A) , and digestion with TE could interfere with the presence of other junction molecules; therefore this protocol was not chosen for more quantitative studies.
N-cadherin is the major cadherin expressed in cultured rat SCs and DRG neurons
What specific cadherins are expressed in cultures of adultderived, mitogen-treated SCs and embryonic DRG neurons? The expression of four specific cadherins was assessed using Western blotting. E-cadherin, R-cadherin, and M-cadherin, all class I cadherins, were not detected in cultured rat SCs and DRG neurons (Fig. 7) . In addition, immunocytochemistry of cultured DRG neurons and SCs did not show specific signals for M-and R-cadherin (data not shown). Specific immunohistochemical staining for E-cadherin was occasionally seen in a small number of DRG neuron cell bodies, but axonal staining was absent (data not shown). E-cadherin signals were not detected in equivalent stages of developing peripheral nerves and DRG roots (I. Wanner and K. Jessen, unpublished observations). Postnatally and in adult rats, E-cadherin is reported in satellite cells and in unmyelinated axons, as well as in myelinating SCs, but exclusively at autotypic junctions of SCs (Shimamura et al., 1992; Uchiyama et al., 1994; Fannon et al., 1995) .
It has been reported that cadherin-6 (K-cadherin), a class II cadherin, is expressed in the developing PNS (Inoue et al., 1997) . Thus, a goat polyclonal antibody against K-cadherin was used to determine the presence of K-cadherin in adult-derived cultured rat SCs and E15 DRG neurons. Western blots showed no expression in DRG neurons and a very weak signal in SCs. K-cadherin was present in outgrowing neurons at earlier stages than E15 but not in developing SCs (Wanner and Jessen, unpublished data). Thus, N-cadherin was the most strongly expressed of the tested cadherins in rat SCs and DRG neurons in vitro. The absence of other cadherins is further evidence that N-cadherin is involved in SC network formation and their association with axons.
N-cadherin function-blocking peptides and antibodies impede SC network formation and reduce the number of SCs associating with axons N-cadherin function-blocking agents and their potency
N-cadherin function-blocking peptides and antibodies were used to further test the role of N-cadherin in SC adhesion and interaction with axons. The effect of CHAVC peptide, containing the presumptive N-cadherin interaction region (HAV at 0.5-0.75 The adhesion factor was determined by dividing the number of N-cadherinpositive cell-cell contacts by the number of SCs found in groups (contacting neighboring SCs). Control cultures were SCs in normal calcium medium (N2) as well as SCs in low calcium medium (ϪCa 2ϩ ). Treated cultures were incubated with N-cadherinbinding antibodies (N-cad ab; L7 IgG) and nonbinding control antibody (ctrl; L4 IgG). The adhesion factor is significantly lower under low calcium conditions and in L7 IgG-treated SC cultures ( p Ͻ 0.01; Tukey-Kramer multiple comparisons). mg/ml), was tested in parallel with CHGVC, a nonactive control peptide (HGV, same concentrations). In addition, two different N-cadherin blocking antibodies were used: IgGs of a rabbit antibody and of a guinea pig antibody, both against the first extracellular domain of N-cadherin, were used in SC-SC adhesion assays. Potencies of purified antibodies were validated determining their effect on the aggregation of NCϩL-cells (provided by D. Colman). Cells were cultured overnight in the presence of the blocking antibodies (L7, gp1260) and their controls (L4 IgG, guinea pig preimmune serum), respectively . After 24 hr, Cell Tracker-labeled L-cells were fixed and immunostained for N-cadherin. NCϩL-cells form cobblestone-like networks displaying strong N-cadherin-positive bands between neighboring cells (Fig. 8 A) (N2) that do not develop under low calcium conditions (Fig. 8 B) (low Ca 2ϩ ). This pattern made up of numerous N-cadherin-positive intercellular junctions was also present in control antibody-treated cultures (guinea pig preimmune serum, rabbit IgG, L4 IgG) (Fig. 8C ). Analyzed at similar intermediate densities in the presence of N-cadherin-blocking antibodies, markedly fewer N-cadherin-positive cell-cell contact zones were observed (example L7 IgG) (Fig. 8 D) . The L-cell aggregation assay confirmed the potency of N-cadherin blocking antibodies in perturbing N-cadherin-mediated cell adhesion.
SC network formation under N-cadherin blocking conditions
SCs were cultured at medium density in the presence of N-cadherin function-blocking antibodies (see Materials and Methods). The result of blocking N-cadherin was essentially the same using either the L7 antibody (Fig. 8 F, FЈ) (N-cad ab) or the gp1260-blocking antibody (Table 1 ) when compared with their respective controls (rabbit IgG) (Fig. 8 E, EЈ, ctrl ab) [ Table 1 , preimmune serum (gp preim.)]. Under low calcium conditions, more cells were single (Table 1) . Among cells that were contacting neighboring cells (SCs in groups), fewer N-cadherin-positive contacts were seen under blocking conditions (Fig. 8 FЈ) compared with controls (Fig. 8 EЈ) . Control cultures had an average "adhesion factor" (see Materials and Methods) of ϳ0.5 (n ϭ 6); i.e., one N-cadherin-positive band was seen between every pair of contacting SCs. In low calcium conditions the adhesion factor was reduced to approximately one-seventh of the control value, meaning that on average only one N-cadherin-positive junction remained among 14 neighboring cells (Fig. 8G, Table 1 ). In the presence of N-cadherin blocking antibodies, this value declined significantly (in L7-treated cultures the adhesion factor was half of that of L4 or rabbit IgG-treated cultures; in gp1260-treated cultures it was 0.7 times that of preimmune serum-treated cultures; p Ͻ 0.01) ( Table 1 ). This experiment demonstrates that low calcium and N-cadherin-blocking antibodies perturbed the formation of N-cadherin bands between SCs and SC network formation.
SC-axon interaction in the presence of N-cadherin blocking agents
The effect of the peptides on SC-axon interaction was analyzed at 4 hr of coculturing in three independent experiments. In the presence of the control peptide, SCs were associated with axons and had bipolar processes in alignment with axons (Fig. 9A,  HGV ) , whereas many SCs in cocultures treated with the blocking peptide displayed multiple processes that crossed axons, and their cell bodies were not associated with axons (Fig. 9B, HAV ) . As shown in Figure 9B , their cell bodies were not attached to axons, and their process tips were not contacting axons. However, some axon-aligned SCs and SCs with short or no processes were observed in HAV-treated cultures as well; therefore the number of SCs aligning to axons was compared with controls without peptides as well as low calcium treatments. The data (Fig. 9E , Table 2 ) show significantly fewer SCs aligned to axons in the presence of HAV peptides compared with HGV peptides ( p Ͻ 0.01; n ϭ 3) or normal medium ( p Ͻ 0.001; n ϭ 3).
In four independent experiments, SC process growth in alignment with axons was analyzed in the presence of N-cadherinblocking antibodies. Alignment was compared with controls ( Fig.  9C ) after treating cocultures for 24 hr with L7 or gp1260 antibodies, respectively. The percentage of SCs aligned with axons was significantly lower in the presence of N-cadherin-blocking antibodies, similar to results with peptides, compared with their controls, respectively (Fig. 9E, Table 2) . A large population of N-cadherin-blocked SCs showed no processes or noticeably shorter extensions than in control cultures, suggesting that SC process outgrowth was impeded. However, even under blocking conditions, some SC processes were aligned to axons. Peptides and blocking antibodies compete with cellular N-cadherin in binding and thus could be expected to show less complete blocking. This interpretation is supported by the observation that IgG, L4 IgG, gp1260, and preimmune serum (gp preim.) , and control cultures (N2) as well as low calcium (low Ca 2ϩ ) treated cultures were included. The "adhesion factor" was determined by dividing the number of N-cadherin-positive cell-cell contacts by the number of SCs in groups. Shown are means with SDs. The adhesion factor was significantly different in low calcium-, gp1260-, and L7-treated cultures compared with controls (N2, gp preim., L4, rabbit IgG; p Ͻ 0.01, Tukey-Kramer, multiple comparisons). SC cultures in low calcium had more single SCs than controls.
blocking agents failed to prevent aggregation of NCϩL-cells at high cell density (data not shown), implying that N-cadherin-Ncadherin affinity is stronger than the affinity of peptides or antibodies with cell surface N-cadherin.
DISCUSSION
Structural analysis at subcellular resolution combined with molecular information about involved adhesion molecules are needed to improve our knowledge of the mechanisms underlying changing modes of SC-axon association. SCs attach immediately to axons when cocultured with DRG neurons and rapidly extend processes in association with axons. The preceding results document a role for N-cadherin in directing the extension of SC processes along axons. N-cadherin was detected in axons of DRG neurons derived from E15 rats and cultured rat SCs. Intense focal accumulations of N-cadherin in process tips of migrating SCs and at axon contact sites were observed. Removing N-cadherin from the cell surface by trypsination in the absence of calcium, or blocking N-cadherin binding by lowering the extracellular calcium concentration as well as using specific perturbing agents, prevented the axon-aligned outgrowth of SC processes. The presented studies also demonstrate that N-cadherin was required for SC-SC contact behavior and the ability of SCs to form networks. Low calcium conditions, N-cadherin-blocking agents, and conditions in which SC surface N-cadherin was absent (trypsination in TE or culture in over-confluent conditions) caused the loss of cell-cell contacts and lack of the cellular swirling pattern that SCs form in vitro. These results constitute evidence that N-cadherin plays an essential role in mediating mammalian SC-SC adhesion and early events in the association of SCs with axons.
Our results show that N-cadherin is present during different stages of SC-axon interaction. In the following we discuss how N-cadherin could mediate these interactions.
First, what could be the role of N-cadherin in SC process growth along axons? The behavior of axon-aligned SC process growth is similar to neuronal growth cone movement (highresolution time-lapse imaging; data not shown) (Polinsky et al., 2000) . Evidence suggests that neurite outgrowth stimulated by N-cadherin requires the presence of functional fibroblast growth factor (FGF) receptor in neurons (Williams et al., 1994 ). An interaction between N-cadherin and FGF receptor via the HAV motif has been reported recently and is suggested to signal neurite outgrowth of cerebellar neurons on N-cadherintransfected 3T3 cells (Williams et al., 2001) . FGF receptor is present in SCs (Dong et al., 1997; Grothe et al., 2001) , suggesting that a similar interaction of N-cadherin with FGF receptor may promote axon-aligned SC process growth.
Second, when SCs acquired bipolar morphology with processes aligned to axons, N-cadherin was accumulated at the SC-axon interface. At this stage, N-cadherin establishes and maintains axolemma-SC membrane juxtaposition, therefore contributing to contact-dependent signaling between SCs and axons as suggested by Yap et al. (1997) . Thus, in addition to signaling process outgrowth and providing adhesive contact (see below), N-cadherin could instate localized ligand-receptor interaction at the SC-axon interface.
Third, N-cadherin might be involved in morphological changes of SCs and thus should be linked to the actin cytoskeleton. Influences of focal adhesion proteins on SC morphology have been reported independently for SC-SC as well as SC-axon interactions. Focal adhesion assembly in SCs and F-actin rearrangements induced by lysophosphatidic acid have been reported recently to upregulate N-cadherin and alter SC morphology and adhesion (Weiner et al., 2001) . Actin cytoskeleton changes at focal adhesion sites coincide with morphological changes of SCs interacting with axons (Fernandez-Valle et al., 1997 Chen et al., 2000) . When staining for N-cadherin and ezrin, a member of the ERM family, N-cadherin was enriched in SC process tips where its signals were colocalized with ezrin (I. Wanner and C. Fernandez-Valle, unpublished observations).
Immunohistochemical signals for ␤-catenin and plakoglobin were observed in cultured rat SCs (data not shown). Cadherinbased contacts appear in specialized junctions called zonula adherentia and focal adhesions (Yap et al., 1997) . The intense N-cadherin-positive bands demonstrated here likely represent cadherin-catenin-actin complexes typical for adherens junctions, particularly because numerous adherens junctions were indeed found in electron microscopic observations at juxtaposed SC-SC and SC-axon membranes (our unpublished data). These additional observations make it very likely that N-cadherin is functionally linked to the actin cytoskeleton.
Fourth, as part of focal adhesion sites or adherens junctions, could N-cadherin mediate dynamic shape changes in SCs interacting with axons? Early SC-axon interaction shows dynamic morphological changes accompanying SC movement along axons while maintaining contact with the axolemma Billings-Gagliardi et al., 1974; Billings-Gagliardi, 1977; Webster, 1993) . Therein, transient contacts were suggested to underlie SC movement along axons. Thus we asked the following: could N-cadherin-based junctions be of temporary nature? Indeed, the existence of transient adherens junctions between SCs and axons has been shown previously (Tetzlaff, 1982; Sims et al., 1988; Nagano, 1993, 1996) . How is contact of adherens junctions regulated? In other words, is the connection of the cadherin-based protein complex to the actin cytoskeleton subjected to cell signaling? It has been shown recently in other systems that cadherin-based adhesive contacts are indeed dynamic, regulated multiprotein complexes with rearrangements regulated by various factors, including the Rho family of GTPases and phosphotyrosine phosphatases (Balsamo et al., 1998; BradyKalnay et al., 1998; Braga et al., 1999) and receptor tyrosine kinases (Takeda et al., 1995) . These points thus lead to the conclusion that transient N-cadherin-based adhesive contacts between SCs and axons could indeed be part of SC shape changes during early interaction with axons.
Other adhesion molecules are candidates to participate in SCaxon interaction. L1 binding antibodies were reported to interfere with SC engulfment and myelination of axons reflecting later stages of SC-axon interaction (Seilheimer et al., 1989; Wood et al., 1990) . However, initial SC-axon association was not investigated, and axon-induced proliferation of SCs was not affected in these studies. Although nerve development and myelination occur normally in L1 (Ϫ/Ϫ) mice (Dahme et al., 1997; Haney et al., 1999) , incomplete ensheathment of nonmyelinating sensory axons was observed in sciatic nerve transplants into L1 knock-out mice (Haney et al., 1999) . In studies now underway using the same alignment assay described in the present study, L1 binding antibodies blocked SC-axon alignment as effectively as N-cadherin-blocking antibodies or low calcium did, but there was no additional blocking seen when both antibodies were used together (our unpublished observations). What is the relevance for N-cadherin mediated SC-SC interaction and the formation of bands and networks by SCs in vivo? N-cadherin-based adherens junctions between SCs stabilize the formation of bands. Such SC-SC contacts could reflect the behavior of SC precursors during peripheral nerve development when strong adhesion among them is common (Jessen et al., 1994) . Indeed, short-term cultured SC precursors from developing peripheral nerves of E14 rats do show N-cadherin signals (Wanner and Jessen, unpublished data) .
A first step in identifying factors that may regulate N-cadherin expression in adult rat SCs is the finding of increased N-cadherin protein amounts in the presence of mitogens (serum factors, forskolin, pituitary extract, and heregulin) shown here. Furthermore, although SCs acutely isolated from newborn sciatic nerves did not express N-cadherin, the protein was detected when these SCs were treated with heregulin ␤1 in defined medium (Wanner and Jessen, unpublished data) . Because DRG neurons are reported to be a source of neuregulins (Bermingham-McDonogh et al., 1997; Meyer et al., 1997) , these findings could reflect the regulation of N-cadherin in SCs contacting axons. The presented finding is the first report indicating a regulated N-cadherin expression by mitogens, including neuregulin, in SCs.
In SC-DRG cocultures, the intensity of N-cadherin immunostaining appeared decreased a few days after SCs contacted axons. This decrease could be caused in part by changes in N-cadherin distribution from focally clustered to evenly spread SCs aligned with axons were counted in cultures (n ϭ 3 for each condition) treated with N-cadherin-blocking peptides (HAV) and antibodies (L7 IgG) and their controls (HGV, L4 IgG) at the concentration given, together with untreated cultures (N2) and cultures under low calcium conditions (low Ca 2ϩ ). Shown are means with SDs. The percentage of SCs that were not aligned with axons varied among experiments depending on SC harvesting conditions and the presence of serum in the cocultures. Therefore, the percentage of axon-aligned SCs in controls (N2) of each experiment was used to determine the relative blockage of treated cultures.
along the SC-axon surfaces. However, the reduction could also indicate an axon-induced downregulation of N-cadherin expression after completion of alignment and process growth, suggesting that N-cadherin might not be needed at later stages of SCaxon interaction. Interestingly, during development of peripheral nerves, N-cadherin was present in neuronal and glial structures at E14 -E15; however, specific staining substantially declined when analyzed at E18 (Wanner and Jessen, unpublished observations). A comparable time-regulated expression of N-cadherin during chicken PNS development has been reported (Akitaya and Bronner-Fraser, 1992) . In adult sciatic nerves in rats (as shown) and in chicken (Shibuya et al., 1995) , only low levels of N-cadherin were present. The subcellular localization of N-cadherin at SC-SC and SC-axon junctions demonstrated here and the blocking of their formation in vitro advocate a role for N-cadherin in early SC interaction with axons relevant within a narrow developmental window during early stages of nerve formation. N-cadherin is also present in olfactory ensheathing glia (Lakatos et al., 2000) at axon-olfactory ensheathing glia interface areas (Wanner, unpublished observations), in SC precursors (Wanner and Jessen, unpublished observations), and in oligodendrocytes where it is suggested to be involved in interaction of oligodendrocytes with axons (Schnädelbach et al., 2001) . Taken together, these data speak generally for a role of N-cadherin in initial stages of axon-glia interaction in PNS and CNS glia.
During the process of Wallerian degeneration, denervated SCs proliferate and show increased expression of various cell adhesion molecules (Daniloff et al., 1986; Martini, 1994) . The presence of adhesion molecules is considered to be important for reestablishing SC-axon relationships required for regeneration and nerve repair after injury. Living SCs are indispensable for optimal axonal regrowth in peripheral nerves, and they support the regeneration of CNS axons Cornbrooks, 1985, 1987) . It has been shown in various transplantation and culture models that an intimate contact of axolemma to SC surface is required for these beneficial effects (Ard et al., 1987; Kleitman et al., 1988; Hopkins and Bunge, 1991) . These findings suggest that the expression of N-cadherin is an important property of SCs that are to be used as transplants for treatment of demyelination or nervous tissue injury. The enhanced expression of N-cadherin in SCs used for transplantation strategies may potentially improve cell-cell interactions and thus their ability for nervous system repair.
